Abstract-This paper presents an automation operation system for the single cell aspiration and placement with high throughput. In the system, a glass capillary micropipette is utilized to move above the microwell substrate which contains living cells, select and aspire individual cells of interest, transfer and release them to target locations. With the microwell biochip coordinate system, the micropipette can be positioned precisely and moves automatically to target microwell with path planning and control. With the visual feedback, living cells of interest are selected and then the micropipette is moved to approach to the cells for aspiration. The cell-resistance based voltage feedback is established for cell aspiration and placement control. The goal of this work is to realize the automated and efficient operation of the cells in the microwell array including aspiration, transfer and placement.
I. INTRODUCTION
Study of biomechanics at cellular level requires single cell manipulation teclmiques for investigating the complex and dynamic behavior of individual cell. Many approaches have been developed for cell manipulation including optical tweezers [ 1] , electrophoresis (EP) or dielectrophoresis (DEP) [2] , acoustic wave manipulation [3] and glass capillary micropipette [4] . Among the above teclmiques, the micropipette system remains the most widely accepted and used technique for its low infrastructure requirement. A negative pressure is applied to the media-filled capillary micropipette for the aspiration of a desired cell, and a positive pressure is applied for the release of the cell. However, the absence of automation for the micropipette-based system requires high skills for the time-consuming operation and results in low efficiency, which hardly satisfies the requirement of high throughput. To solve this issue, some researchers have worked on the automation of micropipette operation. In 2008, a robotic system was developed for cell pick-up and deposition with automated positioning using the micropipette [5] . However, the feedback is ineffective and causes repeated attempts in the experiment. In 2010, machine vision and motion control algorithm of the single cell were introduced into micropipette operation for automated pickup and placement [6] [7] . But the vision-based feedback is only applied to the whole-cell-aspired operation (the micropipette mouth radium is almost equal to the cell's 978-1-4799-2690-9/13/$31.00 © 2013 IEEE 142 radium); and for the partial-cell-aspired operation (the micropipette mouth radium is much smaller than the cell's radium), the system relies on the skill and experience of the operator. In this paper, path planning and control are introduced for automated micropipette movement, and cell resistance-based voltage feedback is established for the cell aspiration and placement control.
II. CELL OPERATION SYSTEM DESIGN
The automation of aspiration and placement of cells is realized by the real-time detection of cell state and the accurate control for the hydraulic flow during the manipulation of the cells. The cell state relies on the resistance-based voltage feedback, while the programmable pull-push syringe is employed to control the hydraulic flow or the pressure for the aspiration and placement of the cells.
A. System Setup
As shown in Figure I , the system contains four parts as follows: Motion control system, vision-based feedback, fluid dynamic system with micropipette, and the voltage feedback system. (A): The motion control system consists of motion stage Xt-Yt (HIOIA, Prior Science Inc., England) and X-Y-Z position stage (9066-XYZ-PPP, Newport Corporation, USA). The X-Y-Z stage is used to control the location between the micropipette and substrate, and has 12.7mm moving range and 25nm resolution along each axis. And the motion stage Xt-Yt is mainly introduced to move the sample to the visual field of the microscope. (B): The vison-based feedback consists of high rate optical microscope (MF-U, Mitutoyo Company, Japan ) and the matching CCD camera (TK-C92,Victor Company of Japan, Limited), which is used to provide real-time visual feedback of the cell location with respect to substrate to the system. (C): The fluid dynamic system mainly consists of a programmable push-pull syringe pump (LSP02-lB, Baoding Longer, China) with 100111 glass syringe and glass micropipette and a electrode clamp holder (Figure 2 , E45W-FlOPH,Warner Instruments Inc., USA) which can not only hold the micropipette but also draw forth a electrode from the micropipette for the voltage feedback. The glass micropipette is made by the micropipette puller machine ( p2000 , Sutter- Company, USA). (D): The voltage feedback system consists of the voltage divider circuit and data acquisition card (DAQ) (PCI-61S4, National Instruments Inc., USA). The cell state can be judged by the change of the voltage in the circuit. If the cell is aspired, it will block off the micropipette, and the resistance and the corresponding voltage in the circuit will change. All parts are linked to the computer and operated together by the interface software (YC++6.0). Figure 2 shows the system setup: (1) the overall experiment setup, (2) the local amplified view of microscope, biochip and glass micropipette, (3) the electrode clamp holder with electrode for holding the micropipette. Figure 3C , namely the full automated mode, is selected, the system regulates the functional modules and realizes the robotic 143 operation for single cell manipulation by the voltage feedback in the closed loop.
B. The Overall Operation Precedure of the System
As shown in Figure 4 , the biochip consists of a regular microwell array. A microwell is chosen as the reference well, denoted as M(O, 0), and its center point as (xo, Y o,zo), then the micropipette can be positioned above the reference microwell. So the center point of (ith ,jth) microwell, M(i,j), is (xo+i�x, Y o+j�y, zo), where �x represents the distance between the adjacent microwells along x-axis direction and �y the distance along y-axis direction. So Once the micropipette is positioned above the center of the reference microwell, it can be conveniently positioned at (M(i.j)) above the (ith, jth) microwell within the biochip through the automated operation system with computer.
The whole procedure can be divided into S steps as follows:
(1) the position between the micropipette tip and the microwell: Guided by the optical microscope, bio-chip can be placed in the center of sight field of the optical microscope with two dimensional motion platform; the glass microelectrode (micropipette) is positioned above the reference microwell using the three-dimensional positioning stage, and recorded as P (xo,yo,zo); (2) cell pickup: the syringe pump controls the glass micropipette to realize stable cell pickup by the negative pressure pulse and does not damage the cell for the reason that too large cell deformation makes it difficult to recover. (3) cell transfer: after the cell is aspired stably, we can move the micropipette at the distance �d (�u, �v, �w) to the another microwell of interest for cell collection and the �d can be calculated beforehand. (4) cell placement: after the cell is transferred to the target microwell, a positive pressure is applied with the syringe pump to deposit the cell. The key to successfully manipulating the cell in (2) and (4) The methods of cell pickup can be divided into two types: whole cell aspiration and partial cell aspiration. At first, the whole cell aspiration and the process is shown as in Figure SA . Usually the glass micropipette with the inner diameter larger than the cell is chosen so that the cell can be directly inhaled into the glass micropipette for cell transferring. In this way, the cell will not be damaged since it has no stress or transform. However, the cell in the mouth of the micropipette move at high speed and will disappear quickly out of the limited sight field of the optical microscope, which will bring about more difficulties in manipulation automation. Another method of cell pickup is the partial cell aspiration as illustrated in Figure 5B . Usually the micropipette with the inner diameter, which is about a half of the cell size, is chosen so that the cell can be aspired stably on the mouth of the micropipette. Using this method, the adhesion between the cell and the micropipette must be considered as they are in full contact with each other by a certain amount of pressure, since strong adhesion will make it difficult for the cells to move within the mouse of the micropipette, especially in the stage of releasing cells.
One good solution is that we can dip the mouth of micropipette into sigmacote (Sigma-Aldrich, Canada) to reduce the adhesion. Compared with the whole cell aspiration, the partial cell aspiration method requires lower flow control precision, and reduces the consuming time. This paper selects this method. In order to precisely control the flow to realize the stable placement and aspiration, we must control the syringe pump well to exert the proper pressure in the mouth of the pipette. The fluid dynamics within micropipette system is shown in Figure 6 . Assuming that the initial gas volume of the system is Vi, which is mainly made up of the initial volume Vs in the syringe and the initial volume Vp in the pipette, so Vi=Vs+Vp.
According to the state equation of ideal gas, we know that a certain change of gas volume will result in the change in pressure in the same temperature. Assuming the temperature keeps constant, we can get a conclusion from the state equation of ideal gas: PV=C, P is the absolute pressure, V is the total volume of gas, C represents a constant related to the temperature, which can be obtained from the initial gas volume 144 and pressure. So the variation relation of pressure with volume is shown in
where P _atm presents the standard atmospheric pressure, � V is the amount of volume change in the syringe. When the volume of gas increases, � V is positive, and �P is negative. Taking into account that the piston motion in the syringe for exerting the positive and negative pressure may produce the friction, which will lead to the temperature increase, the real applied pressure can be larger. Therefore, a suitable volume of the syringe in the experiment is required to be set, so that the proper pressure applied for cell aspiration can be produced with the piston in the syringe moving as slowly as possible, and the error caused by temperature changes can be neglected [8] . Although it is possible to adjust the applied pressure to the micropipette by controlling the motion of the syringe piston, the whole system lacks an effective feedback, resulting in certain blindness in the cell pickup operation and hindering the automation of cell aspiration.
The cell-resistance-based feedback circuit is shown in Figure 7 A, where the cells are always in the solution. According to the patch-clamp study, when the cell is aspired onto the mouth of the pipette, the electric effect on the whole feedback circuit can be modeled as an equivalent circuit as shown in Figure 7B [9] . When the direct voltage is applied to the feedback circuit in Figure 7 A, the current just goes through the external R, Rpipette and R1 eak , and is blocked out by the capacitor.
So the voltage corresponding to the part of micropipette with cell aspired on it can be written as below:
In the micropipette aspiration experiments using the micropipettes with aspiring mouth of inner diameter 51-lm and Raji cells of average diameter � 151-lm, it is found that when the cell is aspired and blocks off at the mouth of the micropipette, the circuit resistance corresponding to the end of micropipette increases significantly and so does the voltage on the resistance. The voltage is positively correlated with the aspiring pressure for the reason that the larger the pressure, the tighter the cell blocks the mouth of the micropipette, and then the larger the corresponding voltage. The relation between the voltage profile and the aspiration process at the constant speed of the syringe is shown in Figure 8 . Part A represents the case without adsorption, part B shows the spikes generated by operating the button in the control modules as shown in Figure 3 , and part C is caused by some fluctuations such as the vibrations. Part D represents the phase that the cell is aspired to the micropipette, and it is gradually absorbed into the micropipette; the relative motion between the cell membrane and the inner wall of the micropipette enhances the sealing quality and causes the reduction of the electric conductivity. Generally a Raji cell is stably aspired at 3.5V in our experiment. So we can detect the corresponding voltage changes to judge whether the cell is successfully aspired or deposited. Furthermore, a feedback with the voltage signal is proposed to control the syringe pump and the micropipette aspiration pressure, as illustrated in Figure 9 .
In micropipette Once the cell is aspired stably, it is expected to place the cell to a certain microwell. To realize the automated transfer of the cell, the path planning is introduced to control the automated micropipette movement. The microwells are laid out on the biochip precisely. Using the visual feedback, the micropipette tip can be initially positioned as an origin, and the micro well biochip coordinate system can be established. With the coordinated system, the relative position between the micropipette tip and the target microwell is easy to be 145 calculated. Hence with a path planning algorithm, the micropipette can be automatically driven to the target location.
III.
EXPERIMENTAL RESULTS AND DISCUSSION a. cell sample preparation processing
In the experiment, we chose Raji cell to carry out the experiment. Raji cells are suspended cells, and were cultured in RPMI-I640 culture medium containing 10% of the bovine serum albumin (BSA) at physiological temperature 37 °C (5% C02) and the average size of Raji cells is 15um. The sample is prepared as follows: 1) select the polydimethylsiloxane (PDMS) biochip with microwell diameter of 20flm and use the plasma water machine to process the PDMS biochip; 2) Img/mL bovine serum albumin (BSA) is added in the biochip about 5 minutes, so as to reduce the adhesion between cells and the microwell and then the remaining solution is sucked; 3) Then the suspended cell solution drops on the bio-chip, and the cells are settled to fall into the pores with the principle of gravity and let them stand for 10 minutes after the surface residual cell solution sucked; 4) Finally, the bio-chip is placed in the full of phosphate buffered saline (PBS) in a Petri dish [10, 11] .
b. Automated cell aspiration and placement.
The cell distribution of the prepared sample is shown in Figure 10 , where the average size of Raji cells is 15 flm. Two glass micropipettes of different diameters are used in the experiments, one is 20flm for the whole cell aspiration and another is 5 flm for the partial cell aspiration.
(I)The whole cell aspiration
In this experiment with the micropipette of inner diameter 20flm, it is found that because of the adhesion between cells and substrate, it's difficult to directly aspire the cell, so it's necessary to exert a positive pressure to drag the cell off the substrate. However, it's a process of acceleration for the cell to approach the glass micropipette and the field of microscope is very limited, so most of cells went into the deep of the pipette and others run off around the pipette, and all are out of the sight field. The experimental result shows that it is difficult to achieve the precise control of cell position with the method without the efficient feedback.
(2)The partial cell aspiration In the experiment with the micropipette of inner diameter 5flm, the positive pressure pulse is firstly applied to make the cell depart from the surface of the substrate, and then a negative pressure is applied to aspire the cell into the mouse of the pipette, then move the micropipette with the cell to the target microwell, and release the cell into the well by gradually increasing the positive pressure within the syringe. After a cell manipulation is finished, the pressure is set to I atm and then the next one will be operated. The experiment shows that most cells can be aspired stably in the mouth of the pipette using this method, but some cells fail to be aspired because the size of the cell is too small and they went into the pipette directly. The success rate can be increased by slower the flow rate within syringe. The negative-positive pulse is that the negative pulse is applied firstly and then the relatively small positive pulse is quickly applied to aspire the cells. In the experiment, we repeated the action of negative-positive pulse until the cell is aspired stably into the mouth of the pipette. The experiment process is shown in figturelO. The experiments based on the voltage feedback are not done yet, and the PID control is not very efficient. The success of experiment largely relied on the experience of the operator. However, this method is feasible and has been tested with the experiments. It is expected to have potential advantage than other methods of cell manipulation in the term of complexity.
IV.

CONCLUSIONS AND FUTURE WORKS
In this work, a micropipette aspiration system has been set up for single living cell manipulation. The relationship between cell-resistance-based voltage and cell aspiration has been established. A cell-resistance-based voltage based feedback is proposed to control the syringe pump for the automation of cell aspiration and placemen. Path planning and control within the microwell biochip coordinate system are introduced to realize automated movement of micropipette to the target microwell. The whole system will reduce the operation complexity and improve the automation and efficiency. The further works are including the following:
1. The PID parameter adjustment to increase the efficiency 146 2. Experiment on live cells of different types
